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Abstract 
For more than a century, artificial substrates have been employed in phytobenthos studies. In the present study, we 
compared the phytobenthos community structure in a field experiment over 3 seasons (summer, autumn, and winter) on 
3 types of artificial substrates (brick, brown clay tiles, and grey clay tiles) and 3 natural substrates (macrophytes, rocks, 
and sediment) in a small, temperate system. A combination of multivariate analyses (cluster, multi-response permutation 
procedure, indicator species [IndVal], and canonical correspondence analysis [CCA]) and stable isotope analysis was 
used. We identified 96 total phytobenthos taxa. Artificial substrates resulted in different substrate communities, as 
shown by stable isotope analysis, cluster analysis, and a multi-response permutation procedure, with only those 
communities growing on grey tiles being similar to natural substrate communities. Overall, artificial substrates exhibited 
slightly higher species richness compared to natural substrates over the 3 seasons, although there were no significant 
differences (p > 0.05). Phytobenthos grown on brown tiles, rocks, and bricks showed seasonal variability of the carbon 
isotope δ13C values using one-way ANOVA (p < 0.05). Phytobenthos community structure did not show great seasonal 
variation; however, CCA identified water flow, conductivity, ammonium, phosphate, and water depth as important in 
structuring phytobenthos communities on different substrates. IndVal analysis showed that common phytobenthos taxa 
were not restricted to a single substrate, but preference was generally high for natural substrate, especially rocks, 
compared to artificial substrates. Substrate microhabitat type seems to influence the communities within the study areas. 
Key words: : benthic diatoms, bioindicator, indicator value, Kowie River, physicochemical variables, substrate
Introduction
Phytobenthos is a term used to describe algal communities 
associated with submerged substrates and incorporates 
many divisions of freshwater algae (Giffen 1970, Kennedy 
2011). Phytobenthos communities in rivers, streams, 
pools, lakes, and reservoirs are neither simple nor 
homogeneous (Bate et al. 2002). Phytobenthos occur in 4 
distinct habitats: epiphyton (supported by aquatic plant 
surfaces), epilithon (stone surfaces), epipsammon (sand 
surfaces), and epipelon (mobile taxa growing among 
deposited inorganic and organic sediment particles; Bate 
et al. 2002, DARES 2005). Extensive surveys of South 
African rivers have shown that the number of dominant 
phytobenthos species in natural habitats is remarkably low 
(Bate et al. 2004). Phytobenthos become particularly 
abundant where water systems are impacted by anthropo-
genic influences (Bates et al. 2002). The distribution of 
phytobenthos in any river reflects a complex series of 
interactions between hydrological, water chemistry, 
substrate, and biotic factors such as grazing by macroin-
vertebrates and fish (Bates et al. 2004, Schletter et al. 
2011). 
The most common phytobenthos in freshwater habitats 
are blue-green algae (Cyanophyta), green algae 
(Chlorophyta), diatoms (Bacillariophyta), and red algae 
(Rhodophyta). Phytobenthos occur in unicellular, colonial, 
or filamentous growth forms. During the initial stage of 
colonisation, bacteria and fungi are conspicuous constitu-
ents of the benthic community, and they precondition the 
surface for early diatom colonisation (Bate et al. 2002, 
DARES 2005). Migrating species contribute significantly 
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to the early colonisation of newly immersed surfaces, par-
ticularly the motile species that resuspend easily into the 
water column and migrate downstream (Bate et al. 2002, 
DARES 2005). In the next stage of succession, larger 
species that are apically attached or stalked become more 
conspicuous in the benthic community (Poff et al. 1990, 
Bere 2011). A stratified community is formed depending 
on the local growth conditions, such as stream velocity 
and light. Also, loosely attached phytobenthos are 
predominant under intermediate current and high light 
conditions. Under high current and low light conditions, a 
largely unstratified community dominated by a small 
number of species is formed (Poff et al. 1990, Bere 2011). 
Because overlaps in species composition among 
regions are limited, or at least some ecological character-
istics of the key taxa vary, implementation of research 
outputs or results from other parts of the world can lead to 
flawed interpretation of diatom communities and water 
quality (Lobo et al. 1995, Bere and Tundisi 2011b). 
Furthermore, the existence of endemic phytobenthos 
compounds the complexity of the situation (Taylor et al. 
2007a). Thus, diatom ecological assessment should be 
specific to region and river type and express the ecological 
running water quality. 
Stable isotope analysis is potentially a powerful tool 
for assessing food chain relationships (Yoshii et al. 1999, 
Marty and Planas 2008, Mejía et al. 2013, Wang et al. 
2013). Different food sources have distinctive carbon 
isotope ratios, their relative importance in consumers can 
be established, and the use of carbon and nitrogen stable 
isotope analysis can provide much more information on 
the different sources (Keller and Morel 1999). 
The possible advantages of using artificial substrates 
are clear; for instance, the phytobenthos community is 
observed directly (Peterson 1986, Lane et al. 2003, Bere 
and Tundisi 2011b), and the substrates are the same at all 
sampling locations (Round 1991). There is therefore a 
further need to undertake comparative research examining 
diatom community structure on different substrate types 
(artificial and/or natural) in different parts of the world. 
The present study compares the phytobenthos community 
composition on 3 types of artificial substrates (brick, 
brown clay tiles, and grey clay tiles) and 3 natural 
substrates (macrophytes, rocks, and sediment) in the 
Kowie River, South Africa, using a combination of stable 
isotopes analysis and commonly used diatom-based 
multivariate analysis. 
Materials and methods
Study area
The Kowie River is a permanently open river draining a 
relatively small catchment area of ~800 km2 (Heydorn and 
Grindley 1982, Whitfield et al. 1994). Its source is in the 
hills of Grahamstown Heights, from where it flows in a 
south-easterly direction (Fig. 1). The total length of the 
Kowie River is ~70 km, and the river has a meandering 
course that has cut deeply into the Bokkeveld shales. The 
river and its catchment fall within a temperate climate 
zone, with rainfall occurring mainly during spring and 
autumn (60%). Average annual rainfall is 650 mm, and 
rainfall is evenly distributed over the catchment (Heydorn 
and Grindley 1982). Minimum and maximum air tempera-
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Fig. 1. Location of the 2 study sites on the Kowie River. 
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tures of the Kowie River region are 1.5 and 43 °C, respec-
tively, with an average daily temperature of 12.6 °C 
(Lenin Chari, Rhodes University, 15 Jan 2014, 
unpublished data). Pineapple, citrus, chicory, fodder 
crops, beef cattle, and goat farms utilise part of the 
upstream waters of the river.
The study was conducted during summer (13 Nov to 
13 Dec 2012), autumn (25 Apr to 31 May 2013), and 
winter (10 Jul to 9 Aug 2013), with benthic phytobenthos 
sampling and physicochemical factors measurement 
conducted on the last day of each season. Two sites, 
downstream and upstream, were chosen along the Kowie 
River. The upstream site had an average 55% stream 
riparian cover from the riparian zone, and the downstream 
site had an average 16% stream riparian cover.
Physicochemical analysis
Hydrological conditions (channel width, water depth, and 
current velocity to calculate flow) and riparian cover at the 
2 study sites on the Kowie River were measured according 
to methods described by Wetzel and Likens (2000). 
Dissolved oxygen, pH, conductivity, water temperature, 
total dissolved solids (TDS), and salinity were measured 
onsite using portable probes (CyberScan Series 600, 
Eutech Instruments, Singapore). Integrated water samples 
were collected according to Brendnock et al. (2003) and 
Wu et al. (2011) and were analysed for nutrients 
ammonium, phosphates, and nitrates in the laboratory 
using an HI 83203 multiparameter bench photometer for 
aquaculture (Hanna Instruments Inc., RI, USA).
Phytobenthos sampling
At each of the 2 sites, 18 (9 brown and 9 grey) clay tiles 
measuring approximately 22 × 10 × 0.7 cm were placed 
vertically in 3 brown and 3 grey tile structures sized 30 × 
18 cm, punctured with regular holes to allow the free flow 
of water around the tiles for 30 days according Peterson 
(1986). The structure was anchored using a rope. Six 
bricks were also placed at each of the 2 sites. At each site, 
phytobenthos on natural (sediment, macrophytes, and 
rocks) and artificial (bricks, grey tiles, and brown tiles) 
substrates were collected separately according to Taylor et 
al. (2005) and DARES (2005) at the end of the 30-day 
period.
Prior to sampling, all substrates were gently shaken in 
stream water to remove any loosely attached sediments. 
Epiphytic phytobenthos (attached to macrophytes) were 
sampled from Cyperus sp. At least 15 Cyperus sp. whole 
stalks comprising stem and leaves were carefully cut and 
removed from the stream. The phytobenthos were then 
removed by brushing with a toothbrush. Epipsammic phy-
tobenthos (found on sediment) were sampled using a 
syringe (Taylor et al. 2005). The contents were then 
emptied into labelled containers. The tile structure and 
bricks were gently lifted out of the stream, and all tiles 
were carefully removed from the tile structures. A 
toothbrush was used to brush off phytobenthos into 
labelled containers with distilled water for bricks, brown 
tiles, and grey tiles at each site. The resulting diatom 
suspensions were stored on ice for stable isotope analysis, 
and samples for microscopic analysis were fixed and 
preserved in Lugol’s Iodine solution. 
After 1 to 2 days, the undisturbed phytobenthos 
samples preserved in Lugol’s iodine were further concen-
trated by decanting the supernatant, taking care not to 
disturb the sedimented phytobenthos material at the 
bottom. The remaining precipitate was then vigorously 
mixed, and about 5–10 mL was transferred into a petri 
dish with grid markings for identification and scoring 
under an inverted Nikon TMS microscope at 1000×. The 
diatom components of the phytobenthos were identified 
and quantified after cleaning with the hot hydrochloric 
acid and potassium permanganate method (Taylor et al. 
2007a). After cleaning, the concentrated diatom solution 
was then diluted with distilled water until it was only 
slightly cloudy. Approximately 1.5–2 mL of solution was 
then placed on a cover slip and allowed to air-dry. The 
cover slip was heated to drive off excess moisture, and the 
sample was mounted with high-resolution Pleurax 
(Jonathan Taylor, North-West University, Potchefstroom, 
South Africa). The phytobenthos were counted and 
identified and using a phase-contrast light microscope at 
1000× and the keys of Giffen (1970), John et al. (2002), 
and Taylor et al. (2007b). Phytobenthos were enumerated 
as percentage relative abundances.
Stable isotope analysis
From each site, 6 samples (3 from natural substrates and 3 
from artificial substrates) in triplicates were collected 
during each season. Samples, excluding the epiphytes, 
were first acidified by vortexing for 2 minutes in 2 M 
hydrochloric acid in 15 mL Falcon tubes followed by cen-
trifugation for 5 minutes at 3600 rpm. The process was 
repeated where carbon dioxide release was not complete 
after first acidification. Thereafter, samples were washed 
twice in deionised water, centrifuged, dried at 50 °C, and 
homogenised in a Retsch Mixer Mill. Stable isotope 
analyses were conducted using a Europa Scientific 20–20 
IRMS linked to an ANCA SL Prep Unit. Carbon and 
nitrogen isotopic signatures (δ13C and δ15N) were 
expressed as the relative differences between isotopic 
ratios in the sample and conventional standards (29 × 
Internal standards: refmix2 = beet sugar and ammonium 
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sulphate and 5 × certified protein standard: Casein 
[calibrated against IAEA-CH-6 and IAEA-N-1]; Vienna 
Pee Dee Belemnite for carbon and atmospheric N2 for 
nitrogen), using the standard equation: 
 δ13C or δ15N (‰) = [( Rsample   ) − 1] x 1000,
                                           
Rstandard
where R is 13C/12C or 15N /14N. 
Data analyses
A one-way ANOVA was used to test the differences 
in physicochemical variables between the 2 study sites 
(H0: no difference between 2 sites). Seasonal variation 
in the physicochemical variables was also assessed 
using a one-way ANOVA. Relationships between pairs 
of physicochemical factors were tested using correla-
tions. The ANOVA and correlation analyses were 
performed using SPSS 16.0 for Windows software 
(SPSS 2007). 
Cluster analysis was conducted based on community 
composition data among the 6 substrate types 
(macrophytes, rocks, sediment, bricks, brown tiles, and 
grey tiles) sampled across the seasons to classify the 
spatial and temporal distribution of benthic diatom 
communities using the flexible beta method (β = −0.25) 
with the Sorenson (Bray-Curtis) distance measure 
(McCune and Grace 2002). Samples were classified into 
clusters based on similarities of community composition. 
A nonparametric method, multi-response permutation 
procedure (MRPP) was used to test for the hypothesis of 
no difference between 2 or more groups of entities 
(Mielke et al. 1976). MRPP has the advantage of not 
requiring assumptions such as normality and homogeneity 
of variances, which are seldom met with ecological 
community data (Mielke et al. 1976, McCune and Mefford 
2006). The statistic A in MRPP is a descriptor of within-
group homogeneity compared to the random expectation 
known as chance-corrected within-group agreement. 
When all items are identical within groups, then the 
observed delta = 0 and A = 1 (the highest possible value 
for A). If heterogeneity within groups equals expectation 
by chance, then A = 0. In comparison, if there is less 
agreement within groups than expected by chance, then 
A < 0. An MRPP was carried out in PC-ORD version 5.10 
(McCune and Mefford 2006) using Sorensen (Bray-
Curtis) as a measure of distance and the weighting of the 
groups using n/sum (n).
Only phytobenthos taxa that contributed >1% to the 
relative abundance were included in a canonical corre-
spondence analysis (CCA) to reduce data skewness and 
eliminate the effects of rare species (Bere et al. 2013, 
Dalu et al. 2013). The phytobenthos density values were 
log (x+1) transformed to stabilize the variance (Dalu et 
al. 2013). CCA was performed on the diatom datasets to 
examine the links between diatom species composition 
and the selected environmental variables. To determine 
whether to use linear or unimodal methods for the 
analysis, detrended CCA (DCCA) was employed. The 
gradient lengths were examined, and because the longest 
gradients were >4, a unimodal model (CCA) was selected 
(Leps and Šmilauer 2003). CCA is a constrained 
ordination method based on significant (p < 0.05) 
forward selected environmental variables using 999 
Monte Carlo Permutations (ter Braak 2002). The 
software Canoco (ver. 4.5) was used for the analysis. 
Several CCAs were run with one selected environmental 
variable for each of the 6 substrates sampled at a time to 
select the environmental variables for use in the CCAs. 
Eight environmental variables were chosen based on 
inspection of their loadings (>0.3 arbitrary) with respect 
to first and second axes: ammonium, conductivity, 
channel width, salinity, pH, phosphate concentration, 
water flow, and water depth. 
The relationship strengths between phytobenthos 
communities and physicochemical factors in the CCAs 
were calculated using the first and second eigenvalues 
ratios (λ1/λ2), a ratio that measures the strength of the con-
straining variable with respect to the first unconstrained 
gradient in the community data (Bere and Tundisi 2011b). 
A higher ratio indicates a strong response of phytobenthos 
communities to physicochemical factors, and the relation-
ship strength is considered very high if λ1/λ2 > 1, 
moderately high if 0.5 < λ1/λ2 < 1, and weak if λ1/λ2 < 0.5 
(Leps and Šmilauer 2003). A nonparametric test, Kruskal-
Wallis, with Mann Whitney pairwise comparisons and 
Bonferroni corrected/uncorrected analysis was carried out 
to compare λ1/λ2 ratios among the different CCA groups 
using PAST version 2.00 (Hammer et al. 2001). 
Data were further analysed by the indicator species 
analysis method (IndVal), which identifies indicator 
species within the sampling periods and communities. All 
96 phytobenthos species identified were used for analysis. 
Good indicator species are always present at sites in a 
given group and never occur in other groups. The 
indicator value ranges from 0 (no indication) to 100 
(perfect indication). The significance of each taxon was 
tested using Monte Carlo test with 999 permutations in 
PC-ORD version 5.10 (McCune and Mefford 2006). The 
species with significant indicator values (p < 0.05) were 
considered indicator species.
A one-way ANOVA was used to test for significant 
differences in δ13C and δ15N values of phytobenthos 
between the 2 sites, using site and season as the main 
factors. No transformation was needed to fulfill all 
statistical assumptions. 
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Results
Physicochemical factors variation
Seasonal values of the physicochemical factors measured 
across the 2 study sites of the Kowie River (Table 1) show 
that water quality was lower downstream as the streams 
passed through agricultural farms. In addition, a polluted 
tributary (Bloukrans River) that drains Grahamstown and 
has sewage discharged into it joined the Kowie River 
main channel. The pH increased slightly down the pristine 
(upstream) to agricultural/urban (downstream) gradient, 
being slightly acidic at the upstream sites and slightly 
alkaline at downstream sites (Table 1). The difference in 
pH among the 3 seasons and sites was not statistically 
significant (p > 0.05). Ammonium, conductivity, channel 
width, dissolved oxygen, nitrates, salinity, temperature, 
total dissolved solids, water flow, and water depth 
increased at the downstream site, but as in the case of pH, 
the increase for ammonium, dissolved oxygen, nitrates, 
temperature, and water flow was also not significant 
(p > 0.05; Table 1). Oxidation reduction potential (ORP) 
and phosphate concentration decreased significantly 
downstream. No significant differences were observed in 
physicochemical factors among the 3 seasons (p > 0.05) 
except for temperature and nitrates (Table 1). A relation-
ship between the significant (p < 0.05) physicochemical 
variables was found (Table 2), with conductivity, channel 
width, TDS, pH, ORP, water flow, and water depth being 
significantly correlated. 
Phytobenthos community structure on different 
substrates 
We identified 96 total phytobenthos taxa from the natural 
and artificial substrates, of which 36 taxa were considered 
the most common with >1% relative abundance. From the 
natural substrates, 78 phytobenthos taxa were identified, 
59 from the upstream site and 63 from the downstream 
site; 42 taxa were common to both sites. From the artificial 
substrates, 93 taxa were identified, 72 and 77 taxa for the 
upstream and downstream sites, respectively; 57 taxa 
were common to the upstream and downstream sites. We 
recorded 29 taxa on natural substrates at an abundance of 
>1% in at least one sample, and 37 diatom taxa from the 
artificial substrates. Average taxa richness on different 
substrates was recorded over the 3 seasons (Fig. 2). The 
artificial substrates had high taxa richness compared to the 
natural substrate, although no significant differences were 
observed (p > 0.05). During the study, the highest number 
of taxa were found on bricks (upstream) and brown tiles, 
and the lowest number on sediment (Fig. 2). Most of the 
additional taxa recorded on the substrates constituted <1% 
of the entire sample. The number of phytobenthos taxa 
recorded varied substantially (p < 0.05) between the 
different substrate types for the upstream and downstream 
sites (Fig. 2). 
A list of the dominant taxa (>4%) and their percentage 
relative abundances for each site and substrate type 
(Table 3) show that the phytobenthos communities on 
natural substrate type were generally dominated by 3–4 
Parameters Summer Autumn Winter Seasonal Site
US DS US DS US DS F-value p-value F-value p-value
Dissolved oxygen (mg L−1) 6.03 5.61 6.05 8.29 7.32 8.8 2.067 0.273 1.042 0.365
Conductivity (mS cm−1) 0.26 3.75 0.04 2.77 0.4 3.3 0.042 0.96 101.346 0.001
TDS (ppt) 0.26 2.52 0.04 1.81 0.26 2.16 0.056 0.947 82.45 0.001
Salinity (ppt) 0.19 1.87 0.16 1.34 0.17 1.63 0.037 0.964 88.03 0.001
pH 5.69 7.72 7.01 8.61 6.54 8.33 0.685 0.667 6.491 0.061
Temperature (ºC) 18.1 22.7 12.3 12.9 12.3 12.8 11.251 0.04 0.249 0.644
ORP (mV) 88 −36.1 −38 −96.9 −13.1 −101.9 1.18 0.419 4.25 0.108
Water flow (m s−1) 0.28 0.55 0.23 0.37 0.04 0.28 1.304 0.391 4.031 0.115
Ammonium (mg L−1 NH4+) 0 0.13 0.02 0.08 0.04 0.23 0.436 0.682 7.722 0.05
Phosphate (mg L−1 PO43−) 0.4 0.8 1.3 5.4 0.1 0.2 2.121 0.267 0.747 0.436
Nitrate (mg L−1 NO3−) 8.8 14.9 7.5 8.9 0 0 11.283 0.04 0.238 0.651
Water depth (m) 0.55 1.05 0.3 0.85 0.2 0.7 0.47 0.664 12.645 0.024
Channel width (m) 1.5 10.1 1.1 8.5 0.9 7.4 0.048 0.953 87.134 0.001
Table 1. Average values of the physicochemical parameters measured during the 3 seasons between November 2012 and August 2013. Abbre-
viations: TDS = total dissolved solids, ORP = oxygen reduction potential. Significant differences at p < 0.05 (one-way ANOVA) are indicated 
in bold.
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taxa (>10% per taxa), which constituted about 30–60% of 
the entire sample per season. The artificial substrate 
communities were dominated by 5–8 taxa (>5% per taxa), 
which constituted about 30–60% of the entire sample per 
season (Table 3). Eight taxa with a relative abundance 
>0.5% were recorded only on artificial substrate: 
Cocconeis engelbretchii, Craticula vixnegligenda, 
Diploneis subovalis, Fragilaria capucina var. rumpens, 
Navicula veneta, Pinnularia borealis, Scenedesmus sp., 
and Stigeoclonium sp. Three taxa were identified only on 
natural substrates: Nitzschia reversa, N. sigma, and 
Spirulina sp.
Phytobenthos-based site classification
Based on similarities and differences of phytobenthos 
community composition among the 6 substrates and 2 
sites sampled, plus among seasons, cluster analysis 
classified 2 major groups or clusters (Fig. 3); Group 1 was 
divided into 4 subgroups and Group 2 was divided into 5 
subgroups. MRPP indicated statistically significant 
differences among the sites (A = 0.047, p < 0.001), season 
(A = 0.029, p = 0.015), and substrate type (A = 0.056, 
p = 0.006). Similarities among grey tiles and all natural 
substrates were very high: macrophyte (A = 0.018, 
p = 0.209), rocks (A = 0.026, p = 0.184), and sediment 
(A = 0.035, p = 0.096). Group and cluster differences or 
similarities were associated with differences in the 
sampling sites’ geographical location and physicochemical 
factors. Using cluster analysis, phytobenthos communities 
from different substrates sampled on the same site were 
slightly similar because they were grouped close to each 
other in most cases (Fig. 3). Phytobenthos communities 
growing on most of the artificial and natural substrates 
from downstream were included in Group 1, while 3 
communities from this site growing on artificial (brown 
tiles and grey tiles) and natural (rocks/stone) substrates 
were placed in Group 2. Phytobenthos communities from 
Group 2 were characterised by upstream site communities. 
Phytobenthos from the different substrates were not 
clearly separated by cluster analysis (Fig. 3). 
Substrates phytobenthos community structure 
in relation to physicochemical factors
The strength relationships (λ1/λ2 ratios) between phytob-
enthos communities and selected physicochemical factors 
were not significantly different (p = 0.379) among the 
different substrates (Fig. 4). All λ1/λ2 ratios were very high 
(>1) for all the different substrates, with the highest being 
observed on rocks and lowest on bricks. The strength rela-
tionship for selected physicochemical factors (water depth 
and water flow) and phytobenthos communities (>0.7) 
was high, as was ammonium (0.43). 
The results of the CCA analysis for the 6 substrates 
types showed that the first 2 CCA axes accounted for 
>55% of the taxa (species) data variance while also 
accounting for >62% of the species-environment variance 
data. The CCA analysis for macrophytes was different 
from the rest of the CCA plots in terms of physicochemi-
cal factors that structure the communities (Fig. 4), 
possibly due to the biological nature of the substrate 
compared to the other substrates, which were inorganic. In 
CCA plots, the natural substrates at upstream sites were 
separated along axis 1, while in the artificial substrates, 
especially bricks and grey tiles, the separation was 
unclear. In the CCA plots, sampling sites were associated 
with different physicochemical factors, with taxa 
associated with different sites being different from one 
substrate to another (Fig. 4). 
Relationships r-value p-value
Conductivity – channel width 0.979 0.001
Conductivity – TDS 0.999 0.000
Conductivity – water depth −0.884 0.019
pH – ORP −0.991 0.000
TDS – channel width −0.98 0.001
TDS – water depth −0.897 0.015
Water depth – channel width 0.938 0.006
Water flow – channel width 0.818 0.047
Water flow – water depth 0.936 0.006
Table 2. Correlation between the physicochemical factors; only the 
significant relationships (p < 0.05) are shown. 
Fig. 2. Average taxa richness recorded on different substrates in the 
Kowie River. Abbreviations: sed = sediment; roc = rock/stone; mar 
= macrophytes; bri = brick; TGR = grey tiles; and TBR = brown 
tiles. 
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In the brick substrate CCA plot, all downstream site 
taxa were mostly associated with conductivity, water flow, 
and water depth (Fig. 4a). The downstream sites were also 
associated with the small-sized phytobenthos taxa such as 
Achnanthes sp., Navicula cryptocephala, N. radiosa, 
Achnanthidium sp., and A. standeri. Upstream sites in this 
CCA were associated with larger species such as 
Fragilaria capucina, F. ulna, F. nanana, Surirella ovalis, 
and S. brebissonii. In the CCA based on macrophyte 
substrate communities, upstream summer (USS) and 
downstream winter (DSW) sampling sites were more 
associated with ammonium, while phosphate, conductiv-
ity, and water depth were more associated with upstream 
autumn (USA), downstream autumn (DSA), and 
downstream summer (DSS). Upstream winter (USW) was 
associated with Cylindrocapsa sp. and Audouinella sp. 
(Fig. 4b).
In the CCA plot for rocks/stones substrate 
communities, DSS and DSA sampling sites were more 
associated with conductivity, water depth, and water flow 
(Fig. 4c). These 2 sites were associated with such taxa as 
Navicula sp., A. standeri, Fallacia sp., Sellophora sp., and 
Eolimna minima. Of the communities growing on 
sediment, the CCA plot associated DSW, DSA, and DSS 
with conductivity, pH, and water depth. Sites USA and 
USS were associated with taxa such as Pinnularia viridi-
formis, Fragilaria tenera, Navicula cryptotenella, and 
Achnanthidium sp. (Fig. 4d). In the CCA based on grey 
tile substrate communities, USA and DSW sites were 
more associated with water flow and depth, while the DSS 
and USW sites were associated with channel depth and 
water flow (Fig. 4e). Site DSA was associated with taxa 
such as Achnanthidium sp., A. standeri, Fallacia sp., 
Gomphonema gracile, and Achnanthidium minutissimum 
(Fig. 4e). In the brown tile substrate communities CCA 
plot, site DSS and DSW were associated with conductiv-
ity, water depth, and water flow (Fig. 4f). Site USS, USW, 
and USA were associated with taxa such as A. standeri, 
F. capucina, F. biceps, G. venusta, F. capucina, P. borealis, 
N. cryptotenella, S. elliptica, and S. brebissonii (Fig. 4f). 
Fig. 3. Dendrogram of phytobenthos-based taxa classification based on community data sampled across 3 seasons from different substrates on 
2 sites. Abbreviation prefixes: US = upstream, DS = downstream; subsequent abbreviations: sed = sediment; roc = rock/stone; mar = 
macrophytes; bri = brick; TGR = grey tiles; and TBR = brown tiles.
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Species Natural substrate Artificial substrate
Sediment Rocks Macrophyte Brick Grey tiles Brown tiles
DS US DS US DS US DS US DS US DS US
Achnanthes sp. 7.8 21.6 4.3 8.1
Achnanthes standeri 4.2
Achnanthidium eutrophilum 18 4.7
Achnanthidium minutissimum 16.2 5.9 25.1 13.5 7.5 5.4 8.8 5.1 10.5
Achnanthidium sp. 1 6.8 16.9 10.4 11.7 13.7 11.5 8.4 5.4 8.2
Achnanthidium sp. 2 8.9 8.7 4.9
Audouinella sp. 7.1 6.4
Craticula buderi 5.6
Entomoneis sp. 7.9
Eolimna minima 6.9 6 8.7
Fragilaria biceps 10.6 4.1 7.5 8.3 9.5
Fragilaria capucina 5.9 6.5
Fragilaria capucina var. rumpens 5.5
Fragilaria nanana 14.7 8.1
Fragilaria tenera 6.2
Fragilaria ulna 8.2 8.8
Fragilaria ulna var. acus 8.7 6.8 6.3
Gomphonema affine 3.6
Gomphonema gracile 9.2
Gomphonema venusta 4.7 4.1
Gyrosigma sp. 4.5
Kirchneriella sp. 5.5
Monoraphidium sp. 11
Navicula cryptocephala 10 10 9.6 8.6 12.9
Navicula cryptotenella 8.8 11.9 4.4 7.1
Navicula gregaria 8.2
Navicula radiosa 10 6.7
Navicula sp. 5.3 12.3 5.3 8.2
Navicula trivialis 5
Navicula veneta 6.5
Pinnularia divergens 4.7
Pinnularia viridiformis 4 7.6
Sellaphora sp. 4.3 6.1
Staurosira elliptica 3.8 12.8 11.8
Surirella brebissonii 7.5 5.3
Surirella ovalis 18.5
Tabularia fasciculata 4.1
 Table 3. Average dominant percentage taxa abundance of phytobenthos (>4%) found growing on artificial and natural substrates over 3 
seasons (summer, autumn, winter).
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Fig. 4. CCA plots showing the frequently occurring diatom taxa (>1%) on (a) bricks, (b) macrophytes, (c) rocks/stones, (d) sediment, (e) grey 
tiles, and (f) brown tiles in relation to selected environmental variables. Abbreviation prefixes: US = upstream, DS = downstream; last letter ab-
breviations: A = autumn; S = summer; W = winter.
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Substrate type indicator species 
Different indicator species were recorded on different 
substrates, as highlighted by the IndVal species analysis 
(Table 4). Significant differences (p < 0.05) were 
observed for indicator species on different substrate 
types, seasons, and sites (Table 4). Natural substrates had 
significantly (p < 0.05) more indicator species compared 
to the artificial substrates, with rocks/stones substrate 
having the highest number of indicator species (4), 
sediments (3), and macrophytes (1). For example, 
Achnanthes standeri (IndVal = 60.7%), Euglena sp. 
(IndVal = 63.8 %), and Surirella ovalis (IndVal = 62.7%) 
had the highest indicator values for rocks/stones, brick, 
and sediment, respectively. Brown tile substrates did not 
have any significant (p > 0.05) indicator species 
(Table 4). Seasonal variation of indicator species across 
substrate types was greatest in the summer (6 indicator 
species) and lowest in autumn (2 indicator species). The 
IndVal for the season ranged between 31.7 and 56.8%, 
with Fragilaria ulna var. acus in autumn having the 
highest indicator value. The upstream and downstream 
site had 8 and 6 indicator species, respectively (Table 4). 
Two species, F. ulna and Gomphonema acuminatum, 
found in the upstream site were indicator species for 
summer and winter, respectively. Achnanthidium sp. 1 
and Entomoneis sp. were both indicator species for rock/
stone substrate for the downstream site, and A. standeri 
was the indicator species for the rock/stone substrate in 
autumn (Table 4).
Phytobenthos stable isotopes values
In the downstream site, the δ13C phytobenthos values were 
lower in summer for macrophytes, rocks, brown tiles, grey 
tiles, and bricks (Fig. 5a). Phytobenthos on sediment had a 
high δ13C value of −16.4 ± 0.23‰ (Fig. 5a). In autumn, all 
δ13C values were higher, with a range of −20 ± 0.11‰ to 
−25.7 ± 0.09‰. From summer to autumn, sediment had 
the highest δ13C values of −23 ± 0.26‰ to −16.4 ± 0.23‰, 
respectively. During winter, the δ13C values for the 
different substrates were less variable (−18.2 ± 1.23‰ to 
−25.6 ± 0.25 ‰) than in autumn, with rock substrate phy-
tobenthos δ13C values increasing (Fig. 5b and c). There 
were significant differences in phytobenthos communities 
(F = 43.27, p < 0.001) within substrate type δ13C values 
for the downstream site across seasons. 
For the upstream site, the brown tile substrate phyto-
benthos values were more depleted in δ13C and were 
lower in summer and winter, with value ranges of 
−25.9 ± 0.64‰ to −28.7 ± 0.23‰ and −24.5 ± 0.12‰ 
to −28.2 ± 0.57‰, respectively. In summer, phytoben-
thos on bricks had high δ13C values, and values for 
phytobenthos on macrophytes were even higher. In 
winter, phytobenthos on macrophytes and sediment had 
high δ13C values, while values for phytobenthos on 
rocks/stones substrates were low (Fig. 5c). During 
autumn, the δ13C values among the different substrates 
were slightly more enriched and ranged between 
−23.3 ± 2.12‰ and −26.5 ± 0.08‰; δ13C values for 
rock substrate phytobenthos were high while those for 
greys tiles and sediment substrate phytobenthos were 
low (Fig. 5b). There were significant differences 
(F = 36.12, p < 0.001) within the substrate type δ13C 
values for the upstream site across seasons. Looking at 
site variation, sediment was significantly different 
(F = 23.28, p < 0.01), but the other substrates were not 
(p > 0.05). Significant seasonal variation for phytoben-
thos on brown tiles (F = 19.28, p < 0.01), rocks 
(F = 12.2, p = 0.001), and bricks (F = 7.85, p = 0.005) 
was found at both sites.
For all the substrates, the δ15N values of the phytoben-
thos were higher at the downstream than the upstream 
sites (Fig. 5a–c). The δ15N values for the downstream site 
ranged between 9.3 ± 0.08‰ and 13.7 ± 0.35‰ in 
summer. In autumn and winter, the average δ15N values 
were slightly more enriched, ranging from 10.3 ± 0.23‰ 
to 13.9 ± 0.33‰ and from 11.9 ± 0.29‰ to 13.6 ± 0.92‰, 
respectively. In summer, phytobenthos on sediment had 
a high δ15N value, while in autumn, phytobenthos on 
rocks and brown and grey tiles had high δ15N values. In 
winter, phytobenthos on rocks had high δ15N values, and 
values for phytobenthos on brick substrate were low 
(Fig. 5c). For the upstream site, δ15N values ranged 
from 3.6 ± 0.04‰ to 6.5 ± 0.12‰ in summer, from 
3.44 ± 0.62‰ to 5.21 ± 0.19‰ in autumn, and from 
3.16 ± 0.17‰ to 5.23 ± 0.16‰ in winter. Phytobenthos 
on bricks (summer), brown tiles (autumn), and rocks/
stones (winter) had higher δ15N values for the upstream 
site (Fig.  5a–c). We found significantly higher δ15N 
values within site variation for phytobenthos on brown 
tiles (F = 379.64, p < 0.01), grey tiles (F = 126.22, 
p < 0.01), macrophytes (F = 100.17, p < 0.01), sediment 
(F = 164.8, p < 0.01), rocks/stones (F = 135.702, 
p < 0.01), and bricks (F = 29.262, p < 0.01) but no 
significant variation among seasons (p > 0.05).
Discussion
Community structure in relationship to 
physicochemical factors
In this study, both cluster analysis and CCA showed 
that various multi-scale factors were important in 
explaining variations in the community structure of 
phytobenthos assemblages on the different substrates in 
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the Kowie River. Using cluster analysis, we noted no 
distinct seasonal patterns between the 2 sites, with 
upstream sites separate from downstream sites. A 
similar pattern was evident in the number of taxa, with 
upstream sites generally characterised by a high number 
of taxa. The results generally reflected a change in 
community composition along altitudinal or longitudi-
nal gradients, with fewer species upstream than 
downstream and different taxa compositions. This 
altitudinal gradient may not be due to a single factor 
(Hwang et al. 2011, Bere et al. 2013) because a 
downstream gradient is likely to be complex and 
associated with other factors, such as nutrient levels, 
land use, channel width, water depth, and water flow, 
which in turn affect different phytobenthos communities 
on different substrates. 
The CCA analyses showed that phytobenthos 
assemblages in the Kowie River were also associated 
with physical habitat conditions, such as channel width 
and depth, which explained most of the variability in the 
phytobenthos dataset. The finding that physical habitat 
conditions accounted for most of the variability in the 
phytobenthos assemblages was not unexpected; Pan et 
al. (2006) found that stream diatom assemblages in the 
Central Valley ecoregion were mainly affected by river 
or stream physical conditions. A study in the upper Han 
River basin also found that immediate factors such as 
substratum embeddedness or land use and cover also 
influence the structure and distribution of phytobenthos 
(Tan et al. 2014). 
Water flow was an important factor in structuring 
phytobenthos communities in the study area. The CCA 
indicated that water flow (current) was the most 
important factor separating groups in most of the 
substrates, and water flow has been reported to signifi-
cantly affect taxa composition and biomass of phytoben-
thos in rivers and streams (Leland and Porter 2000, Song 
2007, Hwang et al. 2011). The importance of water flow 
in structuring phytobenthos communities has also been 
reported by several other researchers (e.g., Potapova and 
Charles 2003, Bere and Tundisi 2011a, Hwang et al. 
2011, Wu et al. 2011, Dalu et al. 2014). Water flow 
effects seem to vary with the trophic status of rivers and 
streams (Bere and Tundisi 2011a, Hwang et al. 2011, Wu 
et al. 2011), probably due to a negative association 
between biomass accumulation and detachment, which 
increases with flow. Water flow may play an important 
role in phytobenthos community structure, which varies 
with substratum type, among other factors (Leland and 
Porter 2000). 
The phytobenthos taxa on the different substrates in 
the study area also responded differently to ammonium, 
conductivity, and phosphate. The phytobenthos 
community composition at different locations provides 
useful information about how they grow and develop on 
different substrates. Hustedt (1957) noted that phytoben-
thos responded mostly to osmotic pressure and not the 
concentration of a particular salt. As a result, conductiv-
ity may explain much of the variation among phytoben-
Fig. 5. Average d15N and d13C values (± standard deviation) of phy-
tobenthos collected on different substrates: (a) summer, (b) autumn, 
and (c) winter. Abbreviations: sed = sediment; roc = rock/stone; mar 
= macrophytes; bri = brick; TGR = grey tiles; and TBR = brown 
tiles. 
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thos assemblages because conductivity integrates several 
watershed processes, indicating the watershed’s 
geological nature. The pH levels exert a direct physio-
logical stress on phytobenthos while also strongly 
influencing other water chemistry factors (Bere and 
Mangadze 2014). 
Phosphate was an important factor structuring 
communities on the macrophyte substrate; it structured 
the downstream (autumn and summer) and upstream 
(autumn) sites when phosphate availability in water was 
highest. In our study, because the macrophyte substrate 
Cyperus sp. is a rooted macrophyte, it was potentially 
able to remobilize nutrients, mainly the phosphate 
stocked in the sediments, making it available to the phy-
tobenthos community. Díaz-Olarte et al. (2007) showed 
that periphyton abundance associated with a macrophyte 
(Utricularia foliosa) depended mostly on the changes in 
the water phosphate concentration. Burkholder and 
Wetzel (1990), Guariento et al. (2009), and Ferragut et 
al. (2010) showed that macrophytes influence the availa-
bility of phosphate to the phytobenthos. Burkholder and 
Wetzel (1990) showed that macrophytes, in addition to 
supplying 25–60% of the phosphate supply to the phyto-
benthos, can also influence them via the release of labile 
compounds.
Comparison of natural and artificial substrates
The number of significant indicator values was higher on 
natural substrates compared to artificial substrates, with 
the upstream site having the most indicator taxa due to 
the stability in physicochemical factors. Both taxa 
richness and diversity were low on natural substrates, 
especially during autumn and winter, compared to 
artificial substrates, with a difference of >5 taxa in most 
cases. Our results contradict other studies (e.g., Barbiero 
2000, Lane et al. 2003) that found high taxa richness and 
diversity in natural substrates. 
These differences could likely to be due to the 
selection of brown tiles and bricks by artificial flora 
based on physicochemical properties of the substrate 
and perhaps positioning of the substrate in relation to 
the water flow or currents. Bere and Tundisi (2011a) 
showed that substrate properties and orientation or 
placement in water had an effect on the communities 
observed. Another important factor could be that the 
phytobenthos communities on the artificial substrates 
were indicative of a successional process; hence, leaving 
artificial substrates for a year before sampling is 
recommended to allow the diatom communities to 
progress from a colonisation community to a stable 
community reflecting environmental conditions typical 
of natural communities (Komárek and Sukacová 2004). 
Our results show that the introduction of artificial 
substrates provided a colonisation habitat that was not as 
distinct as that of natural habitats, but the 30-day 
incubation period used in this study should have been 
sufficient to allow a stable diatom community to develop 
(Peterson 1986, Lane et al. 2003). 
The similarities among artificial substrates (grey 
tiles) and all natural substrates were high. The similari-
ties observed between the grey tiles and rock substrate 
communities could be related to physicochemical 
properties of the clay grey tiles, which we believe were 
closely related to the rock substrate. The phytobenthos 
taxa sometimes preferentially select one substrate over 
another (Lane 2001), which could explain their 
preference for artificial grey tiles over brown tiles and 
bricks. The habitat differentiation allowed the 
development of a stable community similar to that found 
on the natural environment (rocks/stones). This study 
therefore clearly highlights the importance of the type of 
artificial substrates that can be accurately used to 
represent the natural community.
Phytobenthos stable isotope values
The rock, brick, and brown tiles showed seasonal 
variation in δ13C values, which may suggest a seasonal 
change in phytobenthos communities (Pond et al. 1998). 
Mejía et al. (2013) found that centric diatoms 
(40–70 μm) had d13C values up to 5‰ higher than those 
of pennate diatoms of similar size from the same 
sample, with higher values indicating less extreme frac-
tionation during photosynthesis. In our study, the 
downstream site was dominated by small-sized phytob-
enthos compared to the upstream site with larger taxa, 
similar to observations by Mejía et al. (2013). The 
patterns could also result from seasonal changes in the 
isotopic signature of the inorganic carbon source 
(Napolitano et al. 1997, Pond et al. 1998, Mejía et al. 
2013). The downstream sites will have higher concen-
trations of bicarbonate (HCO3
−), as inferred from pH 
and conductivity, and use of this source of inorganic 
carbon is linked to higher d13C values. The thickness of 
the boundary layer over the periphyton also affects the 
discrimination against 13C; discrimination is greater 
when boundary layers are thick (Wang et al. 2013). The 
phytobenthos communities from the upstream site were 
exposed to greater water movement because the channel 
was narrow and shallow compared to the wide and deep 
downstream site channel, which might have dramati-
cally reduced the thickness of the boundary layer, 
resulting in even more severe depletion.
The δ15N values of the phytobenthos were positively 
correlated with total nutrient concentrations (ammonium 
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and nitrate), suggesting that changes in the δ15N values of 
the phytobenthos may be caused by anthropogenic inputs 
of nitrogen from livestock waste, synthetic fertilisers, and 
sewage containing more enriched δ15N values (Ning et al. 
2013). 
In the Kowie River, phytobenthos are relatively 
abundant and common, and their ability to assimilate 
nutrients directly from the water makes them excellent 
potential indicators of pollution. We noted that most of 
our phytobenthos communities on artificial and rock 
substrates could be used as nitrogen pollution indicators 
using δ15N values. These phytobenthos communities 
tended to show greater variation in δ15N values compared 
to macrophyte and sediment substrate communities. The 
δ15N values did not show a seasonal variation; the 
pristine upstream site remained relatively unchanged or 
undisturbed, and the downstream site continued to be 
polluted. Using stable isotope analysis, we were able to 
determine that the communities growing on different 
substrates were different (p < 0.001); microscopic 
analysis identified some common taxa, although they 
were not significant.
Conclusion
The selective use of either brown tiles or bricks seemed 
to offer no particular advantage in this study; both 
artificial substrates provided similar results, and there 
was no significant difference in the community 
composition on either substrate type. Grey clay tiles may 
be more representative of the microtopography of the 
natural substrates, however, making them a suitable 
substrate for future studies. This study leads to future 
research of how different-sized phytobenthos on different 
substrates react to pollution. This knowledge would help 
to identify the best substrate to use in water monitoring 
studies. 
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